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Abstract

Radionuclide inventories have been estimated for the reactor cores, reactor components, and primary
system corrasion products in the former Soviet Union naval reactors dumped at the Abrosimov lalet,
Tsivolka Inlet, Stepovoy Inlet, Techeniye Inlet, and Novaya Zemlya Depression sites in the Kara Sea
between 1965 and 1988. For the time of disposal, the inventories are estimated at 17 to 66 kCi of
actinides plus daughters and 1,695 to 4,782 kCi of fission products In the reactor cores, 917 to 1,127 kCi
of activatiun products In the reactor components, and 1.4 to 1.6 kCi of activation products in the primary
system corrosion products. At the present time, the inventories are estimated to have decreased to 6 to 24
kCi of actinides plus daughters and 492 to 540 kCi of fission products in the reactor cores, 124 to 126 kCi
of activation products in the reactor components, and 0.16 to 0.17 kCi of activation products in the
primary system corrosion products. All actinide activities are estimated to be within a factor of two.

We have also conducted a preliminary risk assessment of key actinides and fission products in the
discarded spent nuclear fuel as a reans of identifying which radionuclides are most important from a
human-health standpoint. Results of such an assessment can also be used to guide future monitoring
programs conducted in Arctic waters. Global population doses resulting from the release of radionuclides
contained in the reactors were estimated using simple dose-conversion factors (developed originally by
UNSCEAR) that provide estimates of collective dose commitments for unit releases of radionuclides to sea
water. The estimated population doses using the appropriate dose conversion factors and the estimated
inventories are 2.3 person-Sv for *Sr, 4.2 person-Sv for *'Am, 5.2 person-Sv for ’Cs, and 0.1 person-Sv
for ®Pu. One interesting result is that although the inventory of *!Am is much lower than the inventory
of ®Sr, *'Am has a greater predicted collective dose commitment because of a higher dose-conversion
factor. Finally, based on a cancer-risk factor of 0.05/Sv, we calculate a global risk of 0.6 fatal cancers for
relcase of the key actinides and flsslon products. By comparison, the population risk for the Chernobyl
accident has been estimated to be 17,000 fatal cancers.

Work performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore
National Laboratory under Contract W-7405-ENG-48.



Introduction

In the Spring of 1993, a Russian report, "Facts and Problems Related to Radioactive Waste
Disposal in Seas Adjacent to the Territory of the Russian Federation,"! was released. The
findings presented in this Russian report were the result of a scientific study commissioned
by the Office of the President of the Russian Federation and headed by Dr. Alexi V.
Yablokov. The Yablokov Commission, as they were later called, reported that 16 naval
reactors from seven former Soviet Union submarines and the icebreaker Lenin, each of which
suffered some form of reactor accident, were dumped at five sites in the Kara Sea. Six of
these 16 naval reactors contained their spent nuclear fuel (SNF). In addition, approximately
60% of the SNF from the three Lenin naval reactors was disposed of in a reinforced concrete
container and metal shell. The Yablokov Commission estimates of radioactivity were limited
to the fission products in the SNF and the *Co in the reactor components, both at the time of
disposal. With rare exception, specific radionuclides were not identified and there was no
estimate provided for the current levels of radioactivity. '

Without a knowledge of the specific radionuclides and their current levels of radioactivity,
the health risks to man from these 16 former Soviet Union naval reactors and their SNF are
difficult to predict. This report presents the results of an independent effort to provide the
necessary time-dependent inventory of the radionuclides.

Background Information

The information presented herein highlights the conclusions of the Yablokov Commission and
what we know or have assumed about the history of each submarine. Table 1 presents the
Yablokov Commission findings for the five Kara Sea disposal sites.! Summarized for each
disposal site is the disposal date, the number of discarded naval reactors and their associated
ship identification number, the number of discarded naval reactors containing SNF, and the -
estimated fission product radioactivity in the SNF at the time of disposal. The Tsivolka Inlet
entries are for the three naval reactors from the icebreaker Lenin and the reinforced concrete
container and metal shell containing approximately 60% of her SNF (1.7 reactor cores) that
were discarded in 1967. The 100 kCi reported for the Lenin disposal result primarily from
the fission products *Sr and "*'Cs. The two naval reactors containing SNF that were
discarded in the Stepovoy inlet in 1981 are identified as being of a liquid metal cooled type.
The Yablokov Commission estimates of total radioactivity are 2,300 kCi of fission products
in the SNF and 100 kCi of ®Co in the reactor components. No information was provided
which would allow association of a given ship identification number with a specific
submarine class or accident date.

To estimate the time-dependent inventory of radionuclides in the discarded naval reactors,
reactor core operating histories and the accident date associated with each discarded naval
reactor are required. Unfortunately, reactor core histories for the seven former Soviet Union
submarines were not available. Therefore, an analytical model was developed to estimate the
minimum reactor fuel load for each submarine whose discarded naval reactors contained
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SNF. As will be discussed later, the model uses as its basis Western estimates of the shaft
horsepower of each submarine involved. Selection of an appropriate shaft horsepower
requires a knowledge of each submarine’s NATO classification.

Table 2 presents a summary of the Western estimates of the identities of the submarines
whose naval reactors were dumped in the Kara Sea.>? Summarized for each submarine is the
K identification number, NATO classification, and associated reactor accident date. The two
naval reactors in the K-27 are reported to have been of a liquid metal type.? All other
discarded naval reactors are believed to have been of the pressurized water reactor (PWR)
type.* Three of these submarines, K-3, K-11, and K-19, were observed in active service
some years after suffering their reactor acc1dents While each of the seven identified
submarines was reported to have suffered some form of reactor accident, none was reported
to have sunk.

With the information of Table 2 as a basis, a NATO classification was assigned to the ship
identification of each submarine whose discarded naval reactors contained SNF. Table 3
presents a summary of our deductions. Summarized for each disposal date is the number of
discarded naval reactors containing SNF and associated ship identification number, the K
identification number, and the NATO classification. The rationale for our selections was as
follows. A recent International Atomic Energy Agency publication® identifies three of the
four submarines whose naval reactors were discarded in 1965 and 1966 as the K-3, K-11,
and K-19. In addition, the submarine whose two naval reactors were discarded in 1981 is
identified as the K-27. Since the Yablokov Commission report specified that the minimum
time period between reactor shutdown and disposal was one year, we believe that the two
submarines associated with the three naval reactors containing SNF that were discarded in
1965 are the K-3 and K-19. ‘Since the first K-3 submarine reactor accident involved no
fatalities and she was observed in active service some years later,? one may infer that while
both naval reactors were undoubtedly replaced, only one of the two discarded naval reactors -
contained SNF. Furthermore, since the K-19 submarine reactor accident involved fatalities,
the accident was of such severity that she was nicknamed "Hiroshima," and she was
observed in active service some years later,? one may infer that both naval reactors were
removed and that each contained SNF. Thus, the K-3 was assigned to the ship identified as
No. 285, and the K-19 was assigned to the ship identified as No. 901. Through a similar
process of elimination, the submarine associated with the one naval reactor containing SNF
that was discarded in 1972 was assigned to the K-140. The three remaining submarines, K-
5, K-11, and K-22, are assumed to be associated with discarded naval reactors without SNF.

Analytical Model

The information presented herein describes (1) the analytical model used to estimate the
minimum reactor fuel load for each submarine whose discarded naval reactors contained
SNF, (2) the information that we know or have assumed about the operating characteristics
of the icebreaker Lenin and each submarine whose discarded naval reactors contained SNF,
and (3) the method used to predict the activation product inventories in the reactor



components and primary system corrosion products of all discarded naval reactors.

With an estimate of the reactor fuel load, the reactor power, and the reactor operating
history, one can proceed to calculate the radionuclide inventory associated with the SNF.
Before describing the computer code that was used to estimate the inventory, the information
that is required as input must be addressed. In the case of the icebreaker Lenin, core history
information necessary to the inventory calculations was directly available from Russian
sources.>® Table 4 presents a summary of the naval reactor core information for the
icebreaker Lenin. Summarized for each of the three Lenin reactors is the 2*U loading, the
operating period, and the number of effective full power hours. From the information
contained in Table 4, the average full power of each reactor is calculated to be 65 megawatts
thermal (MW). The three Lenin reactors were reported to contain a total of 219 fuel
assemblies with a 2*U enrichment in the range of 4.6 to 6.4%. The reactor accident that
precipitated the need for disposal of the three naval reactors and a portion of their fuel
occurred either early or late in the year of 1966, some three years after the reactors were
refueled. The Yablokov Commission report states that SNF from 125 fuel assemblies, or
approximately 60% of the three reactor cores, was discarded. The total number of fuel
assemblies that this 60% finding implies is on the order of 208, which is in excellent
agreement with the 219 fuel assemblies previously reported for the Lenin. As such, added
credence is given to the Lenin core history information.

For national security assets such as nuclear powered submarines, core history information
like that published on the Lenin is virtually impossible to obtain. As such, a method for
estimating the necessary reactor fuel load had to be developed. Assuming one knows the
operating characteristics of the submarine, estimates of the reactor fuel load can be made
from the power requirements of the submarine. For a submarine to operate at a given speed,
S;, the power requirement, P,, in MW, is given by:

P, = (SHP) (CF)) (S; /S’
where

SHP = shaft horsepower, hp, and
CF, = 0.7457 x 10° MW/hp.

The overall power requirement of the reactor, P,, in MW, is given by:
Pp = [(P, /PE) + HL)/N;
where
PE = propulsion efficiency,
HL = "hotel” load requirements, MW, and

Nq numbers of reactors.

The propulsion efficiency is that of the plant, and includes both thermal and mechanical



conversion. The "hotel™ load represents the total thermal power requirements of the
submarine for all electric power and steam loads.

The minimum quantity of Z*U required to power the submarine for a specific duration,
B5UL,.., in grams, is given by:

PULua = (CF) (Pp) (AST) (CL)

where
CF, = 1.24 grams?’U/MWd,
AST = at-sea time, d/y, and
CL = core life, y.

The minimum quantity of U in the submarine reactor fuel load, UL_,, in grams, is given by:
ULy = *UL/Ey

where i
E, = enrichment of ?°U.

Note that the minimum quantity of U in the reactor fuel load, UL, is not the amount that is
actually predicted to be loaded in the submarine, but rather the minimum quantity of U
required for the submarine to operate at speed S; for a time period equal to the product of the
at-sea time and core life. A substantially greater amount of U would be required for a full
reactor load.

Table 5 presents a summary of the basic data used to estimate the minimum quantity of U in
the reactor fuel load for each submarine whose discarded naval reactors contained SNF. _
Summarized for each of the various parameters is the range of values and the value assumed.
The average speed at which each submarine was assumed to operate was arbitrarily set at 11
knots. For the shaft horsepower and maximum speed of the submarines, the average of the
range of values was assumed. In the case of the propulsion efficiency, hotel load, at-sea
time, and core life, the value assumed was the range limit or value that would maximize the
minimum quantity of U in the reactor fuel load. The value limits on enrichment are a best
estimate from the available data. While the lower range limit is considered nominal for first-
generation submarines of the November and Hotel class, the inclusion of a Yankee II class
submarine requires the assumption of a range in enrichment.

The radionuclide inventory in the SNF of the discarded naval reactors was calculated with
ORIGEN?2," a point (no spatial dependence) depletion personal computer code that has been
used extensively to characterize spent nuclear fuel and high level waste. The ORIGEN2
fixed data library used in these estimates is that for a generic PWR fueled with UQ, enriched
to 4.2% in ®U at a burnup of 50,000 MW days per metric tonne of U. A number of factors
were considered in the selection of this particular library. First, 14 of the 16 discarded naval






